Abstract: Plastic scintillation detectors for Time-of-Flight (TOF) measurements are almost essential for event-byevent identification of relativistic rare isotopes. In this work, a pair of plastic scintillation detectors of 50 × 50 × 3 t mm 3 and 80 × 100 × 3 t mm 3 have been set up at the external target facility (ETF), Institute of Modern Physics.
Introduction
Plastic scintillation detectors with fast timing are almost essential for Time-of-Flight (TOF) determinations of charged particles at relativistic energies of a few hundreds of MeV/nucleon, aiming for unambiguously particle identification (see e.g. [1, 2] ). Taking the nuclear fragmentation as an example, the reaction products in this process retain to keep their initial velocities as the incident ions. This means that on a few meters distance the TOF differences between reaction products is only on the order of a few ns.
To improve the TOF resolution, a long flight path length of several tens of meters is generally needed to separated different ions. An alternative way to enhance the TOF resolution is clearly to improve the precision in time determination of TOF. This sometimes gets more important due to the limited flight path. The improved TOF resolution also open many new opportunities, and one of which is the direct mass measurement of exotic nuclei [3] [4] [5] [6] [7] .
Recent development of plastic scintillators with fast decay times and high-speed photomultiplier tubes (PMT) provide us the opportunity to perform fast timing measurements with a resolution down to about 10 ps (σ). To achieve such goal, the size of plastic scintillator has to minimize, due to the fact that the time resolution significantly degrades when increasing the scintillator's length. For instance, 15×25.4×0.254 t mm 3 [5] , 30×20×0.5 t mm 3 [8] , and 30×10×3 t mm 3 [9] have been used to reach 10 ps resolution, respectively. In reality, such size detectors are installed at the focal planes of fragment separators where the beam is focused and centered well to a small size.
In current radioactive beam experiments, the secondary heavy ions have typically a relatively large spread in both space and angle. Meanwhile, in many reaction studies, a parallel beam are preferred. In these cases, a plastic scintillator with size of 50×50 mm 2 or larger are required to fully cover the beam size of secondary ions for particle counting and identification. Standard technique of utilizing such size plastic scintillators read out by two or four photomultiplier tubes, can give a typical time resolution of about 100+ ps, which is sufficient to discriminate light relativistic radioactive ion species [10] . However, when going to heavier system with A > 100 of interest, a time resolution of less than 50 ps is required in particular for short flight path, such as RIBLL2 at IMP.
As a natural extension to the conventional scheme with two or four high-precision measurements of the same physical event, it is possible to gain better time resolution by increase the active area covered by PMT area. This approach has been tested recently using a circular (27 cm in diameter) BC-420 plastic-scintillator sheet read-out by 32 photomultiplier tubes and a time resolution down to the order to 10 ps (1 σ) has been achieved [11] .
For design of large size plastic scintillation detectors, the thickness of plastic scintillator is one of the critical parameters. Although less material in the beam line is generally required to avoid extra interactions and energy straggling of the incident beam, a worse time resolution is expected with a thin scintillator due to less number of photon emission and thus smaller pulse height. Indeed, as the thickness of scintillator increased the time resolution is improved accordingly [11, 12] . Moreover, a combination of time-to-analog converter (TAC) with anolog-to-digital converter (ADC) currently has an advantage over time-to-digital converter (TDC) for signal digitization due to a better sampling resolution. Attempts [13, 14] were also made by replacing the conventional electronics by waveform digitizers, which have the clear advantages in recording the full event signals but so far are still limited by their sampling rates.
In this work, we report a new investigation of plastic scintillation detectors with relatively large sizes. They satisfy the requirement for detecting relativistic heavy ions: large spreads in space, angle and energy deposited, and excellent timing for particle identification of heavy ions, while meanwhile minimizing the number of PMTs and electronics used. This work is complementary to previous investigations [5, 8, 9, 11, 12, 15] in thicknesses and sizes of scintillators, types and energies of primary beams, and total energy losses in plastic scintillators, but using the same types of plastic scintillators and PMTs. Especially, we present the main procedure and details on how to improve the time resolution using the valuable pulse-height and position information. The detectors have been already successfully employed for nuclear charge-changing cross section measurements of exotic nuclei, in which a large coverage of reaction products are crucially important. Similar detectors will be used for upgrading the RIBLL2 beam line at IMP, and be the key component for the future high-energy fragment separator at HIAF. This paper is organized as follows. The experiment is introduced in Section 2. The results and the data analyses on the TOF resolution, energy resolution and position resolution are presented in detail in Section 3. Finally, a summary is given in Section 4.
Experiment
The experiment was performed at the Heavy Ion Research Facility in Lanzhou (HIRFL) [16] . The primary 18 O beam at 400 MeV/nucleon was extracted from the the synchrotron cooler storage main ring (CSRm), and then was separated according to magnetic rigidity by using the Second Radioactive Ion Beam Line in Lanzhou (RIBLL2).
The layout of the apparatus is shown in Fig. 1 . The detectors was mounted at External Target Facility (ETF) [17] . One plastic scintillator (PL0) with a cross-section of 100 × 100 mm 2 and a thickness of 3 mm installed at F1 was used as the TOF start. This start detector was designed based on EJ200 plastic scintillator bar. One photomultiplier tube (PMT) of Hamamatsu R7111 was used to give the signals from one end of the scintillator. The plastic scintillation detectors (PL1 and PL2) of test in the present work were installed at F3, about 26 meters away from PL0 [18] . Both ends of PL1 and PL2 were coupled with PMTs of type H2431 through optical silicone rubber EJ-560. As for the corresponding plastic scintillators, PL1 is EJ-232Q while PL2 is EJ-232. EJ-232Q (with 0.5% quenching level of benzophenone) is a quenched version of EJ-232. The sizes of PL1 and PL2 are 50 × 50 mm 2 and 80 × 100 mm 2 , respectively. The thicknesses of them are all fixed to 3 mm. PL1 was also used as the trigger detector for this work. The scintillators were wrapped with aluminum foils, and then with black plastic fabric for light-tight.
The position information of each ion was determined by two multi-ware proportional chambers (MWPC1 and MWPC2) placed after the plastic scintillation detectors, while in between a multiple sampling ionization chamber (MUSIC) [19] was installed to get the energy deposited of particles of interest. All the x position information shown below is deduced from MWPC1 and MWPC2.
Signals from each PMT were split into two, to provide both energy and time information. One was delivered to a Charge-to-Digital Converter (QDC) CAEN v792 for energy loss measurement. The other signal was first fed into a leading edge discriminator (LED) CAEN v895, then again split into two: one to the Timeto-Digital Converter (TDC) CAEN v775 and the other to the Multi-Hit/Multi-Event Time to Digital Converter (MULTITDC) CAEN v1290. The discriminator thresholds of CAEN v895 were set as low as possible but above the noise level of PMTs. To account for the long TOF distance from F1 to F3, the full range of TDC is set to 280 ns, corresponding to 68.5 ps per channel. The time range calibration of TDC was done channel by channel using ORTEC 462 and GG8020. The MULTITDC was used for cross check and its full scale range is set to 4 µs, corresponding to 25 ps per channel.
Data analyses and Results
The timing is obtained by taking the average from left PMT and right PMT (see Fig. 1 ). For example, the raw timing for PL1 (T 1raw ) is eventually calculated as
where T 1L and T 1R are the timing determined from the left and right side PMT, respectively. For each ion hitting on scintillator bars, the integrated charges Q L (Q R ) obtained from the left (right) side of plastic scintillators, is proportional to the relational expression of the total energy loss Q 0 and the hitting position x:
Here λ L and λ R represent the light transmission parameters that depend on the left and right parts of the detector, respectively. L is the full length of the plastic scintillation bar. In this work, it is found that λ L ≈ λ R . In such case, the deposited energy information in the plastic scintillator is then evaluated as the geometrical
Care should be taken to evaluate the energy deposited in the scintillator if λ L and λ R are significantly different, becauseQ here is position dependent.
Time resolution
3.1.1 Time-walk effect and position correction For precise determinations of the intrinsic time resolution of plastic scintillation detectors, one needs a careful investigation of the effect coming from the time walk due to the variation of pulse amplitudes, and the other inducement due to different hitting positions on the plastic scintillators. Both effects can have substantial influence on the time resolution. Previous investigations found that simultaneously measurements of both time and pulse-height are very valuable for correction of timewalk effect [8, 9] .
Taking PL2 as an example, the time dependence on the pulse height can be clearly seen in Fig. 2 . To correct this time-walk effect, we use the following formula proposed in Ref. [9] :
where T raw and T are the measured timing and the corrected timing with pulse-height, respectively. C raw is the walk-effect correction coefficient. It was determined by using only those events hitting onto a fixed x position of plastic scintillator. The plot after walk-effect correction is shown in Fig. 3 . Clearly, a large portion of pulse-height dependence can be removed. However, as displaced in Fig. 4 , a distinct position dependence is still seen after walk-effect correction. Considering the fact that ions hitting on different positions will result in a different travel time towards both PMTs, the following equation has been applied to eliminate such effect [20] :
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where T ′ is the time after position correction and a is the correction parameter to be determined from the experimental data. [19] ),0.25) {pileup<180&&pileup>150&&tdc [16] >0&&tdc [17] >0&&tdc [18] >0&&tdc [19] >0&&tdc [20] >0&&tdc [21] >0&&tdc [22] 3.1.2 TOF measurements TOF distribution can be described very well by a Gaussian function. Taking TOF21 defined as T 2 − T 1 as an example, Fig. 6 shows the Gaussian fits of TOF21 distributions in cases without correction, with only walkeffect correction and with both walk-effect and position correction.
TOF21/ns To determine the time resolution of PL1 and PL2, TOF21, TOF10 and TOF20 are needed. For the one side readout detector like PL0, we use the following walkeffect correction formula [8, 21, 22] :
where C is the correction parameter to be determined. After both correction, the resolution of TOF21, TOF10 and TOF20 are obtained as 45 ps (σ), 83 ps (σ) and 87 ps (σ), respectively. It is found that the position correction has only little influence on TOF10 and TOF20. This is limited by the relatively poor time resolution of PL0. The time resolution of PL1 and PL2 can be calculated by the following formula: 
where σ 12 , σ 10 and σ 20 stand for the Gaussian fitting standard deviation σ of TOF21, TOF10 and TOF20. σ 1 , σ 2 and σ 0 represent the time resolution of PL1, PL2 and PL0, respectively. The determined resolution for three detectors are 27 ps (σ), 36 ps (σ) and 79 ps (σ), respectively.
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To verify this result, the data registered by MUL-TITDC are analyzed as well. As shown in Fig. 7 , 50 ps resolution (σ) is obtained by using the MULTITDC data. This is fully consistent with that from TDC (see Fig. 6 ). 
Energy resolution
The energy loss of each ion in the detector can be described by Eq. 3. Shown in Fig. 8 is the energy resolution of PL1. sqrt(qdc [7] * qdc [11] ) {pileup<180&&pileup>150&&tdc [16] >0&&tdc [17] >0&&tdc [18] >0&&tdc [19] >0&&tdc [20] >0&&tdc [21] >0&&tdc [22] It is found that both PL1 and PL2 have nearly the same energy resolution of 3% (σ). This is almost comparable to a large size Si detector and ionization chamber. Such a fast plastic scintillator can be useful for both timing and energy determination identification for light ions.
Position resolution
The position (x) is usually obtained from the time difference between T L and T R ,
However, as we already mentioned in Section 2, to match the long TOF pathlength and also the dynamic range of MWPC of about 160 ns, the TDC step was set to 68.5 ps. Thus position correlation with time difference is not precise enough for the position information.
On the other hand, following the Eq. 2, the horizontal position x of hitting point can be obtained from the integrated charges of the left and right PMT signals, Q L and Q R , by
) /a.u. PL1 and PL2 have nearly the same position resolution. Fig. 9 shows the correlation between the x position extrapolated from MWPCs and ln(Q L /Q R ) of PL1. The position resolution of MWPCs is about 1 mm (σ).
Clearly, the position information is also limited by the precision of QDC. In this work, CAEN QDC v792 is used and it was set to 10 fC per channel. Plotted in Fig.  10 are the corresponding ln(Q L /Q R ) distributions when two groups of ions with positions separated by 5 mm. At this case, they are just possible to be resolved from each other. In other words, only for ions with hitting positions separated by more than 5 mm, it is then possible to distinguish them by ln(Q L /Q R ). This resolution includes the contribution from both plastic scintillators and the intrinsic resolution of MWPCs. Considering the MWPC resolution of 1 mm (σ), a position resolution of 2 mm (σ) can be obtained by using the integrated charge information. 
Summary
To summarize, a pair of plastic scintillation detectors with size of 50×50×3 t mm 3 and 80×100×3 t mm 3 were tested with 18 O primary beam at 400 MeV/nucleon. Time resolutions of 27 ps (σ) and 36 ps (σ) are obtained after walk-effect and position correction for these two detectors, respectively. The results are verified by using the MULTITDC as a cross check. Meanwhile an energy resolution of 3% (σ) and a position resolution of 2 mm (σ) are obtained using the conventional electronics. This makes fast plastic scintillators possible for simultaneous measurements of energy deposited, accordingly the charge number, and position of incident ions with reasonable precisions. Such detectors will be used for upgrading the RIBLL2 beam line at IMP and are the key component for the high-energy fragment separator at HIAF.
